The Southern Ocean (SO) is a major part of the global ocean circulation. The formation and mixing of water masses in the SO cause changes in the northward flow of the Meridional Overturning Circulation and as a consequence, in the Earth's climate. There have been numerous studies of the SO but a full understanding is difficult to achieve due to the complexity of the processes of formation and mixing of the different water masses. This work aims to clarify some of these aspects through an extended Optimum Multiparametric analysis, using data downloaded from the GLODAP and CARINA databases. A total of 11 source water masses were selected accurately describe the physical and biochemical properties of the SO. Shelf surface waters were included in order to accommodate the complex shelf processes involved in the formation of Antarctic bottom waters. The methodology here developed takes into account the remineralisation of organic matter and as an improvement; the variability of data related to the processes of dissolution of CaCO 3 and opal. The results from this analysis are accurate and reliable and led to very informative conclusions. Thus, a volumetric census is presented, which confirms Circumpolar Deep Water (CDW; 53 ± 3% of the SO volume) as the most volumetrically important water mass in the SO; followed by Antarctic Bottom Water (AABW; 17 ± 0.9%) and North Atlantic Deep Water (NADW; 13 ± 0.8%). AABW properties are the result of the predefined combination of its three major types, i.e., 77% Weddell Sea Bottom Water, 20% Ross Sea Bottom Water and 3% Adélie Bottom Water. CDW comprises 65% AABW, 30% NADW and 5% Antarctic Intermediate Water, according to the relationship between their conservative properties (potential temperature and salinity). Therefore, the volume occupied by AABW and NADW in the SO rises to 51 ± 2% and 28 ± 0.8%, respectively. The ratio between AABW and NADW is 1.79 ± 0.03, which is inside the expected range of 1-3. Considering the Atlantic sector of the SO (70ºW-80ºE), which is the more relevant in terms of AABW production (AABW represents 60 ± 0.2% of the volume of the sector), the estimated ventilation time is approximately 250 years, the same period as for the whole SO. This demonstrates the very important role of shelf processes in the quantity of AABW formed in the SO and its crucial role in terms of global climate.
The Southern Ocean (SO) plays an important or even crucial role in the global climate system (Wüst, 1935; Deacon, 1937 Deacon, , 1984 . The SO is a global ocean connector, acting as the crossroads of the global ocean circulation Sloyan and Rintoul, 2001; Lumpking and Speer, 2007; Iudicone et al., 2008) . The Antarctic shelf is the zone of formation of one of the most important water masses of the global ocean, i.e., Antarctic Bottom Water (AABW). AABW flows northwards, together with the intermediate and deep waters generated within the SO. They constitute the counter-clockwise part of the Meridional Overturning Circulation (MOC) and have important effects on the ventilation and heat transport at abyssal and intermediate depths of the world's oceans. The southward flux of the MOC is driven by deep waters coming from the North Atlantic; the North Atlantic Deep Water (NADW).
The unique geography of the SO extends from the Antarctic coast north to 45ºS (Fig. 1) . The strong Southern Hemisphere Westerly winds drive the Antarctic Circumpolar Current (ACC), which is a deep and vigorous current flowing eastward around the Antarctic continent. The ACC varies with longitude and is greatly influenced by bottom topography (Gille, 1994) . Circumpolar Deep Water (CDW) is found within the ACC and it is considered the most voluminous water mass of the world oceans (Worthington, 1981) . In winter, deep convection on the equator side of the ACC forms a vertically mixed layer known as Sub-Antarctic Mode Water (SAMW; McCartney, 1977) . Antarctic Intermediate Water (AAIW) is located beneath the SAMW and both participate in ventilating the thermocline of the surroundings and of other oceanic regions as they spread northwards (Rintoul and Bullister, 1999; Talley, 2003) .
The dense Antarctic Bottom Water (AABW) sinks to abyssal depths when forming around some areas of the Antarctic shelf (Jacobs et al., 1970 (Jacobs et al., , 1985 Orsi et al., 1999; Gordon et al., 2004) . Actually, AABW refers to several varieties of bottom waters produced and exported around the Antarctic continental margins. The sources of AABW types ( Fig. 1 ) are well-documented and are located in the Weddell Sea (Weddell Sea Bottom Water, WSBW), in the western Ross Sea (Ross Sea Bottom Water, RSBW) and along the Adélie coast of Wilkes Land (Adélie Bottom Water, ADLBW) (Orsi et al., 1999 (Orsi et al., , 2002 . AABW formation is rather complicated as it involves poorly understood shelf processes and mixing of different water masses (Gill, 1973; Foster and Carmack, 1976) . The growth of sea ice within Antarctic coastal polynyas is an effect of the cold and intense offshore winds (Arrigo and Van Dijken, 2003) , resulting in salt rejection and the increase of surface salinity. Dense waters sink, driving deep convection and bringing waters high in both nutrients and CO 2 to the surface (Arrigo et al., 2008) . Eventually, in all these places of the Antarctic shelf, CDW mixes with younger waters of local origin, producing recently ventilated waters known as Modified Circumpolar Deep Water (mCDW; Newsom et al., 1965; Withworth et al., 1998) , which is injected into mid-depth layers and contributes to the formation of the different types of AABW. Sea-ice formation within the Antarctic shelf converts local upper waters, like the near-freezing Antarctic Surface Water (AASW) or the shoaling mCDW into Shelf Water (SW); the densest water mass found around Antarctica (Whitworth et al., 1998) . Different types of SW are identifiable by their extreme temperatures and/or salinities, as in the case of High Salinity Shelf Water (HSSW; Orsi et al., 2002) , which is recognisable by its core of salinity values around 34.8 (Table 1) .
Despite much scientific effort and a huge amount of literature on water mass formation, circulation and exchange within the SO, the need for a full understanding is still required. One of the aims of this work is to provide an accurate estimation of the mixing and distribution of the most representative water masses of the SO, from the Antarctic continent north to 45ºS (Fig.  1) . A total of 11water masses were selected which best characterise the specific features of the TS-diagram of the SO (Fig. 2 , Table 2 ): CDW, SAMW (two branches will be considered), AAIW, NADW, ADLBW, RSBW, WSBW, AASW, HSSW. Also included is the Sub-Tropical Central Water (STCW), which is an artificial water mass added because the region of study extends northwards to 45ºS. Source data were downloaded from the global CARINA and GLODAP databases to estimate the contribution (X i ) of each of these water masses. The values of X i were obtained using a non-negative least squares method, for an extended OMP (eOMP) analysis (Tomczak, 1981) . The methodology presented here is improved in order to account for biogeochemical processes affecting non-conservative variables. Another goal of this study is to illustrate the usefulness of these results for estimating a volumetric census of the main water masses involved in the SO circulation. Finally, some estimates of the ventilation time for AABW are also given. ]) were downloaded from the GLODAP and CARINA databases, covering the area from the Antarctic continent north to 45ºS, (Fig. 1) . During the 1990s, a compendium of data from the WOCE/JGOFS/OACES cruises was established in an oceanographic database thanks to the cooperative effort of different international entities within the Global Ocean Data Analysis Project (GLODAP, http://cdiac.ornl.gov/oceans/glodap/Glodap_home.html). All data were merged into a common format set and subjected to rigorous quality control procedures to eliminate any systematic data measurement bias (Key et al., 2004) . The CARINA data synthesis project (http://store.pangaea.de/Projects/CARBOOCEAN/carina/index.htm, NDP 091) started in 1999 as an informal collaboration. From 2005 with funding under the EU IP CARBOOCEAN, the collection of data was extended to other regions of the world's oceans. High quality data from CLIVAR cruises were included, together with the WOCE results, to serve as "master cruises" for the data calibration (2nd QC) phase of the synthesis. The result was an internally consistent merged data set of open ocean subsurface measurements that was subjected to extensive quality control and adjustments when necessary. Many of the procedures used during CARINA were adopted from GLODAP. However, the number of cruises included in CARINA, combined with the additional manpower and funding available from CARBOOCEAN, allowed improvements. Most of the CARINA SO data originate from the post-GLODAP era, i.e., from 2000 or later. Regional specific quality control is described in three papers; for the Pacific sector by Sabine et al. (2009) 
Observations and Methods

Data
Thermohaline context: Source Water Masses
The SO connects to the global climate system via important global scale mechanisms, such as the MOC, which is the most important mechanism for ventilating the global ocean. The MOC comprises two circulation cells: the clockwise circulation cell driven by NADW going southward from the arctic and the counter-clockwise cell mainly transporting water from the Antarctic continent to northern latitudes, which is driven by AABW. Both cells converge within the SO. Therefore, the TS-diagram of this ocean should result from the mixing of the two major water masses driving the MOC (AABW and NADW) and a variety of other important water masses originally formed within the SO. The 11 Source Water Masses (SWMs) selected here, encompass the TS-diagram of the SO (Fig. 2, Table 1 ).
Upper and lower components of NADW form in the northern North Atlantic. Winter cooling in the Labrador Sea (North Atlantic region, north of 50ºN) and ocean convection processes (Lazier, 1973; Talley and McCartney, 1982) help the formation of the densest and coldest water of the North Atlantic region, the Classical Labrador Seawater (cLSW). On the other hand, Iceland-Scotland Overflow Water (ISOW) and Denmark Strait Overflow Water (DSOW) enter the world's deep ocean through gaps in the Greenland-Iceland-Scotland Ridge. ISOW enters the eastern basin of the North Atlantic region and continues to the western basin where it meets DSOW (Smethie, 1993; Doney and Bullister, 1992) . cLSW and the two overflows (ISOW and DSOW) mainly compound NADW, which flows southward within the North Atlantic deep western boundary current, until it reaches the densest portion of the CDW associated with the ACC (Orsi et al., 1999) . In the South Atlantic, Brea et al. (2004) defined the thermohaline and chemical characteristics of the upper-middle and lower part of NADW based on the classical definition and circulation scheme of Wüst (1935) . This work defined NADW (Table 1) as a unique point in the TS-diagram with thermohaline and chemical characteristics halfway between the NADW segments defined by Brea et al. (2004) .
Between the Subantarctic Front (SAF) at the north and the Polar Front (PF), the strong and deep ACC flows eastward around the Antarctic Continent (Orsi et al., 1995; Belkin and Gordon, 1996) . The ACC presents a thick layer where the isopycnals shoal to the Antarctic continent, favouring the exchange of water and properties between the SO and the northern deep basins (Orsi et al., 2002) . CDW occupies this thick meridionally tilted layer and is defined as a composite of deep waters flowing from the Atlantic, Pacific and Indian basins that eventually mix with the ventilated waters surrounding the Antarctic continent (Whitworth III et al., 1998; Rintoul et al., 2001) . Even though CDW is per se a water mass formed by the mixing of several others, it is considered as an SWM because of its relevance in the processes of formation of ABBW. In order to obtain the properties of CDW (Table 1) , averaged values of the properties were calculated for those data of the TS-diagram located between the SAF and the PF and in the upward confluence zone of the three types of bottom water (Fig. 2b) . The properties obtained for CDW are close to those of the mCDW defined by Newsom et al. (1965) .
North of the SAF, deep winter convection forms SAMW, a vertically well-mixed layer with low potential vorticity and high oxygen content. SAMW spreads northwards as far as the subtropical gyres, renewing the water of the lower thermocline (McCartney, 1977 (McCartney, , 1982 Talley 2003) and participates in the shallow overturning circulation linking the Pacific and Indian oceans (Ribbe, 1999; Sloyan and Rintoul, 2001) . The properties of SAMW were taken as a line connecting SAMW1 and SAMW2 (Table 1 ) in order to best enclose the TS-diagram and differentiate the two varieties of SAMW (Rintoul and Bullister, 1999; Sloyan and Rintoul, 2001) , i.e., the cool branch from the southeast Pacific (SAMW2) and the warm branch from the Indian Ocean (SAMW1).
The coldest varieties of SAMW in the Pacific and Atlantic oceans supply AAIW of those basins (McCartney 1982; Talley, 1996 Talley, , 2003 . AAIW is formed from upwelled CDW near the SAF and it is identified by a salinity minimum beneath SAMW (McNeil et al., 2001) . AAIW, together with SAMW, are relevant in ventilating the Sub-Antarctic Zone and other regions of the ocean (Rintoul and Bullister, 1999) . The properties of AAIW (Table 1) were taken in between the values of AAIW1 (coldest type of AAIW identified by Piola and Gordon (1989) ) and AAIW2 from Brea et al. (2004) .
Deep cores of high concentrations of CFC-11 can be found at several places around Antarctica, identifying zones of formation of AABW (Jacobs et al., 1970 (Jacobs et al., , 1985 Mantisi et al., 1991; Archambeau et al., 1998; Meredith et al., 2001; Orsi et al., 2002; Gordon et al., 2004) . Three different zones over the Antarctic continental slope are well-documented source zones of the three main types of AABW: the Weddell Sea (25-30ºE), the Ross Sea (168-173ºW) and the Adélie coast in Wilkes Land (135-155ºE) (Orsi et al., 1999 (Orsi et al., , 2002 . The Weddell Sea is the zone of formation of Weddell Sea Bottom Water (WSBW), the coldest and freshest variant of AABW ( Table 1 ) that upwells in the Weddell-Enderby basin and mixes into the more widespread AABW (Gordon and Huber, 1990; Orsi et al., 2001) . ADLBW forms off the Adélie Coast (Gordon and Tchernia, 1972; Rintoul, 1998) and George V Coast (Carmack and Killworth, 1978; Jacobs 1989; Foster, 1995) , approximately between 140-147ºE and its properties lie between those of WSBW and RSBW (Table 1 ). The different outflows of RSBW from the Ross Sea are located between 168ºW (Locarnini, 1994; Budillon et al., 2002) and near 173ºE, 177ºE and 175ºW (Jacobs et al., 1970 (Jacobs et al., , 1985 and ventilate both the Pacific and Indian basins (Orsi et al., 1999) . RSBW is the warmest and saltiest of the three types of bottom waters ( Table 1 ). The formation of WSBW, RSBW and ADLBW is complicated, involving shelf processes and mixing of different water masses, such as mCDW and local shelf waters (Foster and Carmack, 1976; Weiss et al., 1979; Orsi et al., 2002) . Thermohaline and chemical properties of ADLBW, WSBW and RSBW (Table 1) were obtained as boundary values close to the end of each of the three branches observed for bottom layers in the TS-diagram (Fig. 2b) and corroborated by values given by other authors (Orsi et al., 1999 (Orsi et al., , 2002 Tomczak and Liefrink, 2005) .
The MOC brings CDW to the Antarctic shelf where it is upwelled and transformed into upper waters Huber, 1984, 1990 ) commonly known as mCDW (Newsom et al., 1965) . mCDW is produced by diapycnal mixing with the near-freezing local surface waters, such as AASW and HSSW, differentiated by their low and high salinity values, respectively (Whitworth and Orsi, 2006; Padman et al., 2008) . Sea-ice formation converts local surface water and/or mCDW into SW, which is modified constantly by vertical mixing, producing dense transitional waters that flow to the bottom layers forming the different types of AABW (Gill, 1973; Foster and Carmack, 1976; Fahrbach et al., 1995; Gordon et al., 2001) . Smith et al. (1984) considered AASW to be the result of the combination of Summer Surface Water, a highly variable water layer found above a seasonal halocline with low salinity values and Antarctic Winter Water. Although the processes of local surface water formation are not well known, HSSW is more likely to be produced within coastal polynyas, where the ice-formation creates salty surface waters (Orsi et al., 2002) . The properties of AASW and HSSW were obtained after averaging points near the shelf with low and high extreme salinity values (lower points of the TS-diagram) and comparing the values obtained with those given by different authors (Orsi et al., 2002; Tomczak and Liefrink, 2005; Orsi and Wiederwohl, 2009; Williams et al., 2010) .
Finally, because the region of study extends as far as 45ºS, the influence of subtropical waters should be taken into account in order to enclose the upper features in the TS-diagram (Fig. 2) , i.e., in order to define the upper limit of the TS-diagram. Therefore, Sub-Tropical Central Water (STCW) represents the subtropical waters from the three major oceans surrounding the SO. Their properties were assigned as the upper limit of the TS-diagram, very close to those of upper Western South Pacific Central Water in Tomczak and Liefrink (2005) . Indeed, any point in the TS-diagram between STCW and SAMW1 can be defined as a Sub-Tropical Central Water.
OMP analysis
Optimum Multiparametric (OMP) analyses (Tomczak, 1981; Thompson and Edwards, 1981; Mackas et al., 1987; Tomczak and Large, 1989) are mathematical approximations based on real data, which can be used to study the mixing processes between water masses in a certain region, whether the mixing processes are diapycnal or isopycnal. They have been widely used in the scientific community, subject to some improvements and serving as a basis for other new methodologies (You and Tomczak, 2003; You, 1997; Castro et al., 1998; Coatanoan et al., 1999; Lo Mónaco et al., 2005; Johnson, 2008) . All varieties of OMP analysis consider the physical and/or chemical properties measured at each point, to be the result of the mixing of a certain number of water masses present in the region, which are called Source Water Masses (SWM) and whose physical-chemical characteristics are well-known. The contribution of each SWM (X i ) to these mixing processes is the final objective of the analyses. The OMP analyses are based on the following assumptions: a) the mixing processes between SWMs are linear; b) the observed properties are conservative and c) the SWMs properties are accurately known (though associated with a standard deviation). Additionally, the OMP analyses are constrained to fulfill two rules: a) the mass balance equation has to be satisfied at any point and b) the mixing contributions of the different SWMs have always to be positive. The contribution of each SWM (X i ) is estimated for each measured point using a non-negative least squares method. The obtained X i values are in the range 0-1 and refer to the amount of a certain SWM "i" that is implicated in the mixing processes.
These very intuitive approaches are to some extent limited by the fact that, in the marine environment, except for S and θ, most of the observed properties are not strictly conservative, because they are involved in reactive processes associated with the major biogeochemical cycles. Different authors have used a variety of approaches to solve this. In certain cases, biogeochemical processes can be considered negligible, e.g., when the region of study is not characterised by strong biogeochemical activity and it is small enough for the SWMs to be defined locally (Mackas et al, 1987; Tomczak, 1981) . In a more conceptually correct manner, another way to maintain the assumption of conservativeness (b) consists of considering some conservative parameters associated with non-conservative properties (e.g., NO = r O/N NO 3 + O 2 , PO =r O/P NO 3 + O 2 (Broecker, 1974) , SiO = r O/Si H 4 SiO 4 + O 2 (Castro et al., 1998; Johnson, 2008) ). Therefore, one further assumption must be added to the previous ones: d) nonconservative properties are used and formed following a predefined stoichiometric coefficient. In this work, this type of OMP analysis was used in the first step of the methodology (see subsection 2.4). This included NO and PO, θ, S and SiO 2 as conservative variables and was called Classical OMP (cOMP) analysis (Tomczak, 1981) . NO and PO were calculated considering the stoichiometric coefficients r O/N = 9.3 and r O/P = 135 (Broecker, 1974) .
There is another strategy consisting of directly including non-conservative variables in the equations, by adding a biogeochemical term (ΔO in this work) related to the non-conservative variable, through a predefined stoichiometric coefficient (r O/N = 9.3 and r O/P = 135 for NO 3 and PO 4 , respectively). This procedure is called extended OMP (eOMP) analysis. In this work, one further step is added in the use of the eOMP analysis, by the inclusion of two more nonconservative variables, A T and SiO 2 . SiO 2 can be used as a conservative variable with respect to the processes of remineralisation of organic matter. However, this is only true when other biogeochemical processes are not considered, such as the dissolution of opal, base for some shell structures. On the other hand, A T is subject to variations due to the processes of remineralisation of organic matter (r O/AT = -9.3) but, in a similar way to SiO 2 , it is also affected by the process of dissolution of CaCO 3 , which is also linked with shell structures of some seawater organisms. Evidence for the relation between A T and SiO 2 was given by Rios et al. (1995) and some studies about identification of natural bomb radiocarbon ( 14 C) also show the positive correlation between the decay of 14 C and the dissolution of CaCO 3 and opal (Broecker et al., 1995; Rubin, 2002) . From all these studies, the coincident long-term accumulation of dissolved CaCO 3 and opal can be assumed and a stoichiometric coefficient can be created relating both variables, i.e., R Si/Ca = 1/0.48 and R AT/Ca = 2 (Rubin, 2002) . Thus, one further unknown has to be considered, ΔCa, and the system of equations stays in its final version as follows:
where Ɛ are the relative errors for each one of the variables
Mixing figures and methodology of the analysis
The processes of mixing and interaction between SWMs (Table 1, Figure 2 ) in the SO are not well known. Nevertheless, they are to some extent intuitive and many of them assured in basis in the available literature. Thus, from the TS-diagram (Fig. 2) and taking into account the vertical distribution of the SWMs, as well as the thermohaline circulation within the SO, different groups of SWMs involved in a mixing process can be identified. Each of these groups is called a mixing figure (Figure 2c ) and all of them are defined so that each mixing figure has almost one SWM in common with the neighbouring mixing figure. This procedure allows the eOMP analysis to be performed separately for each figure without losing continuity or strength. A total of 6 mixing figures were designed in this work (Fig. 2c ).
Once the main SWMs (Fig. 2 , Table 1 ) and the mixing figures are established (Fig. 2c) , the methodology for obtaining the SWMs contributions to the mixing through the OMP analysis (X i ), was as follows. First, a cOMP (with θ, S, SiO 2 , NO and PO) was applied to each dataset (or point) in each mixing figure, in order to obtain the mixing figure that best explains the observed properties, i.e., the mixing figure with the lowest total residual. Then, an eOMP was applied within the selected mixing figure and the contributions of the SWMs were obtained (X i ), together with the parameters relative to the remineralisation of the organic matter (ΔO) and the dissolution of CaCO 3 and opal (ΔCa).
Importantly, not all the variables are considered equally in the system of equations, i.e., each equation of the system has different weights ( Table 1 ). The assignment of weights is, as a first step, directly related to the accuracy of the measured property. Several tests were done in order to assess the effect that changes in the different values of the weights have over the results. The weights were also adjusted so that the ratios between the SEE (Standard Error of the Estimate) and the analytical error (Ɛ) were almost the same for all the SWMs' properties ( Table 1 ). The weights of θ and S are higher than those of the other properties because both properties have the lowest analytical errors. θ has the highest weight because it acts as a better SWM tracer than S in the SO (warm waters in the subsurface layers are differentiated from cold bottom waters and warmer inner zones of the SO from frozen shelf waters) (Fig.2) . SiO 2 and A T have low weights because of low accuracy; SiO 2 has the lowest weight of all because of the high variability of its accuracy.
In order to reduce the total error of the analysis, an iteration process was done forSiO 2 and A T . Both these variables have the lowest accuracies, i.e., the ones that are going to accumulate more analytical error. During the iterations, new values of these properties are found for each SWM from X i and the data. These new estimated values (of SiO 2 and A T ) are assigned to the SWMs as good ones and the methodology is re-run. The residuals of the variables, the total error of the analysis and the stoichiometric ratios are checked at the end of each iteration step and the variables changed accordingly. The process finishes when an asymptote is found in the value of the total residual of the analysis. The robustness and accuracy of the eOMP analysis was also tested through a perturbation analysis of uncertainties. The values of each of the SWMs properties were randomly modified under the assumption of them following a normal distribution. Each property value was considered as the mean value of the normal distribution and the standard deviation was fixed for some of the properties (θ, S, and A T ) at the same value of their accuracies and for the rest as a percentage of their values in each SWM (Table 1) . 100 perturbations were run and the averaged results are shown in figures 3-6. The errors associated with the results are discussed in the Appendix section. The errors of the residuals are shown in Figure 8 and the uncertainties of X i , ΔO, ΔCa are shown in Figure 9 (see Appendix section). In section AA (Fig. 3 ) the path of CDW (Fig. 3b) around the Antarctic continent can be seen together with the variability of its position in the water column by the effects of changes in the bathymetry. The overall spreading of AAIW in intermediate waters and NADW in deep waters (Fig. 3a) are also evidence of the integrity of the results. Importantly, the maxima (≈ 1) X WSBW and X RSBW (Fig. 3c ) are found in their respective zones of formation, i.e., the Weddell Sea and the Ross Sea. Small X ADLBW values (not shown) were found in eastern zones of the Indian sector near the Australian continent (between 90-170ºE) but this location is almost overlapped by the distribution of X RSBW (Fig. 3c) . Gaps in the distribution of X AAIW and X NADW (Fig. 3a) are probably due to the lack of stations in some zones of the section (Fig. 1 ).
Results and discussion
Contributions of the main SWMs
Section A (Fig. 4) goes from the Antarctic shelf north to 45ºS and is located in the western zone of the Atlantic sector (between 10-40ºW). The entrance of NADW and AAIW (Fig. 4b, c) towards the Antarctic shelf can be seen, as well as the shoaling of CDW from 60ºS to the vicinity of the Antarctic shelf (Fig. 4a) . This is in accordance with the mechanism of formation of bottom waters described by different authors (Foster and Carmack, 1976; Weiss et al., 1979; Orsi et al., 2002) . The presence of surface waters (HSSW and AASW, Fig. 4b ) is not only visible in surface layers but also at 2000 m depth in the shelf-break and in the central deep layers of the section (between 60-55ºS). The presence of HSSW and AASW in the central deep layers could be an artefact of the eOMP but also it could be influenced by the shoaling bathymetry associated with the Drake Passage. Recent studies suggest that strong mesoscale activity near this zone could result in the deepening of surface-subsurface waters (Naveira et al., 2011) . The important amount of WSBW found (Fig. 4c) , together with the fact that no contributions of RSBW and ADLBW were detected (not shown), is strong evidence of the reliability of the analysis, as this section is located in front of the Weddell Sea where WSBW is formed. The distributions of ΔO and ΔCa (Fig. 4d , uncertainties are commented in the Appendix section and shown in Figure 9c) show the maxima values of X NADW and X AAIW , at intermediatedeep layers. These results indicate that both terms could be considered as tracers for the arrival of "aged water masses", where biogeochemical processes have been acting for long time and high values of ΔO and ΔCa should be expected. Therefore, the renewed ventilated waters of the bottom can also be traced as minima values in both terms. ΔO presents low or even zero values in the bottom layers of the Weddell Sea area (between 70-60ºS, Fig. 4d ) but this is not so for ΔCa. The relatively high values of ΔCa in the bottom either is an artefact of the eOMP or could have an explanation in the effects of the high biological activity that can be found in the sediments (Hoppema et al., 1998) .
The meridional section P (Fig. 5) is located in the Pacific sector, at 90ºW, near the Drake Passage. It follows an almost straight line from 70ºS north to 45ºS. The relevant presence of SAMW (Fig. 5a ) found in the northern zones of the region (between 60-45ºS) is probably related to its role in supplying AAIW (Fig. 5a ) to the Pacific basin (McCartney, 1977 (McCartney, , 1982 Talley 1996) . Indeed, this is the area of formation of the cooler and fresher variety of SAMW described by some authors (Rintoul and Bullister, 1999; Sloyan and Rintoul, 2001) . X AAIW and X NADW (Fig. 5a, c) are also of considerable importance as well as X CDW (Fig. 5b) . The shoaling of CDW as it approaches the coast is accompanied by the approach, shoaling and decline of NADW and AAIW (Fig. 5c, a) Section I (Fig. 6 ) is located between 170-180ºE, in the vicinity of the western Ross Sea and goes from the Antarctic shelf in an almost straight line north to near 50ºS. X ADLBW (Fig. 6c) achieves relevant values in this zone close to its area of formation. As the shelf area is occupied by RSBW, ADLBW can only be distinguished away from the continent (Fig. 6b) . This result could be an artefact of the analysis and a direct consequence of defining ADLBW with characteristics in between RSBW and WSBW. However,, it correspond to the circulation pattern within the Ross Sea gyre, described by Orsi et al. (1999) , where part of the flow of RSBW spreads westward near the coast displacing ADLBW from its formation region to the outer bottom layers. In these eastern zones of the Indian sector, the signal of the WSBW (not shown) is almost completely lost. X AAIW (Fig. 6c ) also shows relatively important values. AAIW deepens from the subsurface layers down to a depth of 2000 m in the northern part of the section, near South Australia. As shown in the previous sections, the presence of SAMW (not shown) and the shoaling of AAIW (Fig. 6c) , NADW ( Fig. 6b) and CDW ( Fig. 6a ) near the Antarctic shelf can also be seen. It is worth mentioning, though not shown in the figure, the distribution of X HSSW and X AASW , which can be found in the Antarctic shelf break to a depth of more than 3000 m corroborating its implication in the formation of bottom waters. 
Volumetric Census
Once the contributions (X i ) of each SWM are obtained for each point, a volumetric census can also be estimated for all the SWMs (Table 2) . First, a Water Mass Property (WMP) interpolation method was applied in order to obtain values of X i in the WOA domain (1ºlat·1ºlon, Fig. 7 ). This type of 3D interpolation takes into account the values of θ, S, NO and PO measured at each point. Then, taking into account the volume of each box of the domain and the values of X i , the volume occupied by each one of the SWMs can be estimated. Additionally, the thickness of each SWM in each of the cells of the domain was calculated and shown in Figure 7 (in 10 3 m).
NADW, CDW, AAIW and WSBW occupy the major volume within the SO (Table 2 ) and are the thickest (Fig. 7a, b , c, f) SWMs of the SO, except for NADW (Fig. 7a) , which presents lower thickness than RSBW (Fig. 7e) . As established by Worthington et al. (1981) , CDW is the most voluminous water mass in the SO, representing 53 ± 3% of the total volume (23.8×10 16 m 3 , Table 2 ) and it is also the thickest SWM, with a maximum thickness of 4.1·10 3 m near 180ºW. NADW and WSBW account for 13 ± 0.8% and 13 ± 1% of the total volume, respectively but the differences in their distributions can be established considering their thicknesses. WSBW (Fig. 7f) spreads mostly in the Atlantic sector and in zones near the Antarctic shelf of the Indian Sector, achieving a maximum thickness of 3.5·10 3 m west of the Weddell Sea. NADW (Fig. 7a ) spreads all around the outer SO, presenting the maxima values of thickness (1-1.2×10 3 m) mostly in the Atlantic sector, between 45-50ºS. AAIW occupies 10 ± 0.5% of the SO volume and the maxima thicknesses (> 0.8×10 3 m) are obtained in zones of the eastern Pacific sector and of the western Atlantic sector (Fig. 7c) . RSBW and ADLBW show lesser volumes and thicknesses than WSBW, accounting for 3 ± 0.4% and 0.5 ± 0.1% of the total SO volume and achieving a maximum of 1.6×10 3 m (Fig. 7e ) and 0.3×10 3 m (Fig. 7f) of thickness, respectively. Subsurface waters (STCW and the two branches of SAMW) account for 6 ± 0.4% of the total volume but the volume occupied by STCW is almost negligible. Summed together, the subsurface waters account for a maximum of 1.2×10 3 m of thickness (not shown). Finally, Antarctic surface and shelf waters (HSSW and AASW) represent 1.5 ± 0.07% of the total volume of the SO and achieve the maximum thickness (1.1×10 3 m) in an area in front of the Weddell Sea coast (Fig. 7e) . The relatively low volumes obtained for STCW, ADLBW, HSSW and AASW have to be understood with consideration of the distribution of data in the SO, as well as the definition of these water masses and the number and distribution of data in each of the mixing figures. ADLBW has intermediate properties, between those of WSBW and RSBW and the three of them are included in the same mixing figure (mixing figure  5, Fig. 2b, c) . This can result in a higher percentage of contribution being given to WSBW and RSBW, as they are located at two of the extremes of mixing figure 5 and therefore they are more defining for mixing figure 5 than is ADLBW. This also causes the uncertainties of X ADLBW to be higher (in points of relatively high X ADLBW ) than for the other types of AABW. In the case of HSSW, AASW and STCW, their contributions could be underestimated because shelf and subtropical waters are poorly represented in the databases used (Fig. 1, Fig. 2 ).
As AABW is more available in the literature (in quantitative terms) than the three types of bottom waters, the volumes of WSBW, RSBW and ADLBW were summed to obtain that of AABW in order to compare results with previous works. The total volume of AABW in the SO is 3.9±0.2×10 16 m 3 , i.e., 17 ± 0.9% of the SO volume (Table2) and the maximum thickness correspond to that of WSBW (3.5×10 3 m, Fig. 7d ). It is composed of 76% WSBW, 20% RSBW and 3% ADLBW (Table 2) . Taking into account this composition ratio, the properties of AABW are easily obtained (Table 1) . Johnson (2008) , through a least square analysis, also based on OMP analysis, estimated the volumes of the major SWMs implicated in the MOC to be 36% AABW and 21% NADW, without considering CDW in the analysis. However, also in a global ocean study, Broecker et al. (1985) estimated the composition of common water (~CDW) to consist of 45% AABW (Southern component or ~WSBW), 25% NADW and 30% AAIW (coming from the Pacific and Indian oceans). This author considered NO and SiO 2 as the conservative reference variables in order to obtain the composition of the common water. An estimation of the composition of the CDW was done based on the ratios between the values of θ and S (conservative properties in the improved eOMP analysis) of CDW and those of AABW, NADW and AAIW. The decomposition in base of the conservative variables was obtained through a perturbation process similar to that done for the SWMs properties (see subsection 2.4), considering a variation in the values of θ and S within a normal distribution. In this manner, CDW should be composed of 65% AABW, 30% NADW and 5% AAIW (Table 2) , which is in quite good agreement with the values obtained by Broecker et al. (1985) , except for the relative percentage of AAIW (CDW defined by Broecker et al. (1985) is warmer than CDW defined here). Using different conservative variables as reference and, most of all, the differences existing in the definition of AAIW and NADW, could be the reason for such differences in the composition of CDW with respect to the results obtained by Broecker et al. (1985) . The decomposition rates of CDW suggest the total volume of the SO to be 51 ± 2% occupied by AABW and 28 ± 0.8% by NADW (Table 2) . These results are also comparable with those obtained by Johnson (2008) . Again, the different definition of the SWMs could be the reason that lies behind the differences between the results. The volume ratio AABW/NADW gives a value of 1.79 ± 0.031, which is very similar to the one of 1.74 obtained by Johnson (2008) and inside the range of variability (1-3) that this author established in his conclusions. This ratio was also obtained through perturbations considering the variability of the composition rates in CDW due to variations in θ and S and the uncertainties in X CDW , X AABW and X NADW . When the ratio AABW/NADW is calculated for the Atlantic (70ºW-80ºE), Indian (80-160ºE), and Pacific (160ºE-70ºW) sectors of the SO (Orsi et al., 1999) , the values obtained are 2.42, 1.51 and 1.39, respectively. These values indicate a progressive decrease in the amount of AABW with respect to NADW, from the Atlantic Ocean eastwards toward the Pacific basin, a feature that is also highlighted from the results from Johnson (2008) . It should be noted that the increase in the amount of NADW in the Pacific and Indian sectors (~15% of the volume in both sectors including CDW and ~31% of the volume of each sector when CDW is decomposed, Table 2 ) with respect to the Atlantic Sector (10 ± 2% including CDW and 25 ± 8% decomposing CDW, Table 2 ), could be related to the differences in the latitudinal position of the SAF in the three major oceans. In the Atlantic sector, the great volume of AABW displaces the SAF northwards, whereas in the Pacific and Indian sectors the volume of bottom waters is much lower than in the Atlantic and the SAF is located close to the shelf.
Following the separation of the SO into the three different sectors and including the volume of CDW, the amount of AABW with respect to the volume of each sector is 27 ± 0.2% in the Atlantic, 12 ± 0.3% in the Indian and 8 ± 0.2% in the Pacific sector. These are quite different from those obtained by Orsi et al. (1999; 71%, 14%, and 15% respectively) . The difference between the results could be due to the different methodologies used, because Orsi et al. (1999) estimated the volumes from water masses enclosed between neutral density layers. As an additional result, an estimation of the ventilation time for AABW can be deduced. Considering the AABW ventilation rate of 5.4 Sv established by Orsi et al., (2002) and the volume of AABW calculated for the SO (3.9 ± 0.2×10 16 m 3 , Table 2 ), a ventilation time of ~ 240 years can be estimated for AABW. When this quantity is calculated for the Atlantic sector with an associated ventilation rate of 3.3 Sv, according to Orsi et al. (2002) , it results in a ventilation time of ~250 years. Thus, the ventilation of the bottom ocean waters from Antarctic sources is mainly controlled by the shelf processes and the place where the largest volume of AABW is generated (AABW is 77% composed of WSBW, Table 2 ) ventilates at a period of time very similar to that of the whole SO.
Conclusions
An improved eOMP is performed in the SO taking into account the principal SWMs involved in the main circulation features of the SO. The implication of shelf waters and CDW in bottom waters formation is also considered. The eOMP analysis is quite realistic as the effects of the remineralisation of the organic matter (ΔO) and the dissolution of CaCO 3 and opal (ΔCa) are included in the equations. This procedure allows SiO 2 (an important property for Antarctic Bottom waters) and A T to be included as non-conservative variables. The use of mixing figures (groups of SWMs that intermix) in the methodology gives continuity and robustness to the eOMP analysis for two reasons. Firstly, the use of mixing figures allows the total number of SWMs to be more than the number of measured properties (equations) and secondly, the mixing figures change horizontally and vertically whilst moving in the TS-diagram but keep at least one SWM in common. The integrity of the results and a quite good agreement with the literature are shown. The total error of the analysis, the residuals of the properties and uncertainties of X i , ΔO and ΔCa are quite low and illustrate the accuracy to the results.
The principal patterns of the thermohaline circulation of the SO can be identified from the X i distributions. The presence of CDW around the SO and the variability of its position in the water column with depth are clearly revealed. Importantly, the process of shoaling of CDW as it approaches the Antarctic shelf is described, which corroborates its implication in the processes of bottom water formation. The approach and shoaling of NADW and AAIW near to the Antarctic shelf is also illustrated. The important presence of AAIW and its close relationship with SAMW in the west Pacific coast vindicates the identification of this area as one of the places of AAIW formation. Near the coast, the presence of shelf waters (HSSW and AASW) in the deep layers is also in accordance with its implication in bottom water formation. Maxima values of X WSBW , X RSBW are obtained in their respective zones of formation, i.e., the Weddell and Ross Seas. The results for X ADLBW show relatively high uncertainties, probably because its properties were defined in between those of WSBW and RSBW. The distributions of ΔO and ΔCa serve as tracers to distinguish between aged waters, where both terms take relatively high values, from recently ventilated waters, where both terms present low or close to zero values.
The volumetric census established from the results shows that the most voluminous SWMs in the SO are: CDW, AABW, NADW and AAIW, in this order, with percentages of 53 ± 3%, 17 ± 0.9%, 13 ± 0.8%, 10 ± 0.5%, respectively. When CDW is decomposed in the respective contributions of AABW, NADW and AAIW, the percentages of composition (65%, 30% and 5%, respectively) can be compared with those given by Broecker (1985) . Furthermore, with respect to the total SO, the percentages of AABW and NADW (51 ± 2% and 28 ± 0.8%, respectively) are in quite good agreement with results from Johnson (2008) . The ratio between the volumes of AABW and NADW is 1.79 ± 0.03. Considering the Atlantic, Pacific and Indian sectors (Orsi et al., 1999) separately, the volume occupied by AABW diminishes from the Atlantic (60 ± 0.2%), where the Weddell Sea is located (77% of AABW is formed here) to the Pacific basin (43 ± 0.3%). This is because of the mixing that occurs on its way eastwards around the Antarctic continent (Orsi et al., 1999 , Johnson, 2008 . The analysis considers the three major types of bottom waters (WSBW, RSBW and ADLBW) instead of one general AABW and takes into account the presence of AASW and HSSW. This procedure permits much better the consideration of the complex processes of formation of bottom waters near the Antarctic continent and the determination of AABW properties in a more realistic manner. In fact, once AABW is obtained from the composition of its three major types, the uncertainties of X AABW decrease to a mean value of 0.02, while the mean values for the uncertainties of X WSBW , X ADLBW and X RSBW are 0.05, 0.07 and 0.05, respectively.
Therefore, these previous conclusions corroborate the agreement between the contributions of the obtained SWMs and the circulation of the SO. Thus, this improved eOMP analysis is shown to be a good tool with benefits for describing and estimating the mixing and distribution of SWMs in a certain region. Additionally, these results can also be of relevant use in climate studies. The SO is a very interesting area for climate research and most studies consider this ocean to be the most powerful place in CO 2 uptake and distribution throughout the ocean. Thus, an estimation of the ventilation time of the bottom water masses formed in this ocean can be of great help. Taking into account the export rate of AABW of 5.4 Sv (Orsi et al., 2002) a ventilation time of ~ 240 years is estimated for the AABW. This ventilation time is very similar to that found when only considering the Atlantic sector (~250 years), which means that the ventilation of the SO is related to the dynamics of the shelf processes and mainly controlled by processes, which take place in the principal zone of AABW formation, the Weddell Sea. This result could also give an idea of the time interval for the bottom ocean to respond to changes in the atmospheric anthropogenic gasses content.
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APPENDIX: Error analyses: total error, residuals and uncertainties of Xi, ΔO and ΔCa
The total error of the eOMP analysis is almost zero from 500 m depth to the bottom (Fig. 8a) , where the most volumetrically important SWMs are located. The residuals of the conservative variables (θ and S, Fig. 8b ) present lower values than all the rest, as should be expected. θ and S show residuals near zero from 500m depth to the bottom (SD of ± 0.010 ºC for θ and ± 0.004 for salinity, respectively) and considerably higher from 500 m up, where θ varies between ± 0.038 ºC and S between ± 0.033. The assumption of conservativeness is not justified in the surface because this layer is subject to seasonal variability. Nevertheless, as both variables present the highest weights in the analysis (Table 1) , the majority of the positive residuals of θ in the surface-subsurface layer are compensated for by corresponding negative residuals of S. The residuals of NO 3 , PO 4 and O 2 vary between ± 0.5, ± 0.04 and ± 3 µmol kg -1 , respectively, which are very similar to those of their respective accuracies (Table 1 ). The new term (ΔCa) added in the equations of SiO 2 and A T helps to obtain better results in both variables. Thus, even though SiO 2 and A T are the properties with lowest weights (Table 1) their predictability is as good as the other properties, with residuals varying between ± 2.8 and ± 5 µmol kg -1 , respectively (also very close to their accuracies).
Uncertainties in the SWMs contributions (X i ) can be computed from the results of the 100 perturbations performed and are represented for the SWMs, which mainly contribute to the thermohaline circulation of the SO, i.e., WSBW and RSBW at bottom layers and AAIW, NADW and CDW at intermediate and deep layers (Fig. 9) . The average value of the uncertainties of X RSBW (Fig. 9a) is 0.05 but the uncertainties of X RSBW are clearly divided into two groups. A first group, formed by points located between 2000-5000 m depth shows a mean value of 0.14 in the uncertainties. Most of the points of this group present high values of X RSBW (bigger dots in the plot, Fig. 9a) . A second group (~8 times bigger in size) with a mean value of 0.03 in the uncertainties can be distinguished. Points from all depths form this group and most of them present low values of X RSBW . The average value of the uncertainties of X WSBW (Fig. 9a) is also 0.05 but values close to zero can be found between the subsurface layers and 1000 m depth and also around 5000 m depth. These points show high values of X WSBW . The uncertainties of X ADLBW (not shown) present a similar average value (0.07) to those of the other two types of bottom waters. From intermediate to deep layers (Fig. 9b) , the uncertainties of X NADW , X AAIW and X CDW show an average value of 0.01 and offer quite remarkable aspects in their distributions.
The uncertainties of X NADW and X AAIW achieve high values (as much as ~0.04 and ~0.2, respectively) in the first ~1500m of the water column and most of them (especially for AAIW) also show high values of X NADW and X AAIW . Nevertheless, the majority of the points show values of uncertainties very close to zero from there to deep layers but with relatively high values in the contributions. The uncertainties of X CDW cover a range from zero to 0.1 in the first ~1500 m of the water column, in the same manner incidentally, as for NADW and AAIW but from these depths the uncertainties go down from values near zero to ~0.05. Points of high X CDW values can be found throughout the water column. The sparse distribution of the uncertainties of X CDW could be a consequence of its variable position in the water column, by effect of the changing bathymetry while it moves eastward and by the different processes of shoaling/deepening associated with its participation in water mass formation processes.
The uncertainties of ΔO and ΔCa (Fig. 9c) Figure 1 . Depth integrated Potential Temperature (θ, in ºC) with the measured points downloaded from CARINA and GLODAP databases (black circles). The locations of the three formation zones of the bottom waters (Weddell Sea, Ross Sea and Adélie Coast in white text) together with the surrounding section AA (yellow lines) and the meridional A, P, and I sections (white lines) are also shown. ). The size of the dots is proportional to the value of the contributions (X i ) and the terms (ΔO, ΔCa) themselves.
